Abstract Caudal autotomy is an effective antipredator strategy widespread among lizards. The shed tail thrashes vigorously for long periods to distract the predator and facilitate the lizard's escape. This movement is maintained by energy supplied by the anaerobic conversion of glycogen into lactate. It has been suggested that lactate accumulation serves as an index for the vigor of tail thrashing. We made three predictions: (1) tail loss frequency should be higher under heavier predation regime, (2) the duration of postautotomy tail movement should be extended in populations under heavy predation pressure as an adaptation to the higher risk and the increased need for defense, and (3) as result, lactate in these tail tissues should be concentrated at higher levels. To eliminate the impact of phylogeny and environmental factors on the interpretation of our result, we focused exclusively on one species, the Balearic lizard (Podarcis lilfordi). We studied three populations under different predation pressure but sharing the same climatic conditions. We found no differences among the studied populations either in postautotomy duration of tail movement or in levels of final lactate accumulation while autotomy frequency was higher where predation pressure was more intense. Τail loss effectiveness is directly influenced by the level of predation, while secondary features of the trait appear to remain independent from the impact of environment.
Introduction
Tail autotomy is an effective defensive mechanism widely used by lizards in many families (Arnold 1984; Bellairs and Bryant 1985) . Tail shedding may provide an immediate survival benefit, but the ensuing consequences have a direct impact on lizard's overall fitness (Arnold 1988) . Caudal autotomy is related to reduced locomotory ability, lowered social status, higher mortality rates, and loss of energy storage with subsequent reduction in reproductive effort and growth (Fox and Rostker 1982; Vitt and Cooper 1986; Martin and Salvador 1992; Martin and Avery 1998; Fox and McCoy 2000; Chapple and Swain 2002) .
Shed tails may thrash vigorously for extended periods to distract a predator from an escaping lizard (Clark 1971; Vitt et al. 1977) . Postautotomy movement is fueled by glycogen, which is oxidized anaerobically into lactate, providing the required energy to the muscles Fitzpatrick 1981, 1983; Gleeson 1996) . Physiological pathways involved in tail muscle energetics have been reported as sharing a common pattern among species of the same family (Pafilis et al. 2005) . However, interspecies divergences in phylogeny may introduce biases that can easily obscure a real pattern or even create a spurious one (Huey 1987; Pianka 2001) . Furthermore, differences in ecological factors, such as climate, may alter the interpretation of ecophysiological studies`findings, as the effect of the environment on physiological processes is deeply important (Goldstein and Pinshow 2006; Naya and Bozinovic 2006) .
In this paper, we focus on populations of a single species, the Balearic lizard Podarcis lilfordi, to eliminate the confounding effects of phylogeny and environmental variation. The three populations studied share the same climatic conditions but are experiencing different predation pressure and are showing diverse postautotomic tail activity in regard to vigor and duration of movement (Cooper et al. 2004) . Duration and vigor of tail thrashing are known to increase a lizard's escape time (Congdom et al. 1974; Dial and Fitzpatrick 1983) . We predicted that first, where predation pressure is more intense, the frequency of voluntary autotomy should be higher; second, where autotomy is more frequent, the duration of movement should be more prolonged; third, where the movement is more intense, anaerobic metabolism should be activated more intensely, and because lactate concentration might be interpreted as an index for the vigor of postautotomy movement (Meyer et al. 2002) , this should be accumulated at higher levels.
Materials and methods

Study organism and site
P. lilfordi is a small-bodied (approx. 7.5 g), diurnal lizard. Its distribution is restricted to coastal islets around Mallorca and Menorca (Balearic Islands, Spain). Our investigation was conducted in the islets of Colom (51 ha), Aire (34.3 ha), and Sargantana (2.3 ha) close to Menorca coast. The three islets harbor different predators and experienced different levels of human activities (Pérez-Mellado 1989; Pérez-Mellado et al. 2003 ; Table 1 ). Although tail-break frequency in natural populations has often been misinterpreted (Schoener 1979) , it still remains a useful indication for predation pressure (Turner et al. 1982) . To assess the frequencies of regenerated tails, we made a survey of 663 lizards from the three populations (Table 1) .
Predation simulation
To simulate predatory attacks, we adopted the technique described by Pérez-Mellado et al. (1997) . Lizards (52 individuals, 30 males and 22 females) were placed on a cork substrate (offering traction), and their tail was grasped with a digital caliper at a distance of 20 mm from the cloaca. The grasp force was standardized by taking into account the diameter of the tail and then reducing the opening calipers to one half of that. Each trial lasted no more than 15 s, and if the tail was shed, the time to cessation of movement was measured (samples termed "exhausted tail"). In 15 individuals (five from each population), the tail was removed rapidly with the manual use of forceps, to obtain an estimate of baseline metabolite concentrations at time zero (termed "resting tails"). Immediately after shedding, the tails were placed in dry ice to avoid changes in physiological metabolites concentrations.
Tissue metabolites determination
Lactate Muscle tissue (150 mg) was homogenized (1:3 w/v) with ice-cold perchloric acid, and the homogenate was centrifuged at 4°C and 5,000×g for 10 min. The pellet was used in protein analysis. The supernatant was neutralized (with 0.5 M Tris/0.5 M KOH) and centrifuged again. The pellet was discarded, and the supernatant was used for lactate determination using the method of Hohorst (1965) . Measurements were read at 340 nm using a spectrophotometer (Novaspec II, Pharmacia Biotech).
Glycogen The indirect method by Seifter et al. (1950) against a glucose standard was followed. Tailpieces, after the tissue had been minced, were boiled for 20 min in 30% KOH. The absorbance was read at 620 nm.
Results
Proportion of regenerated tails was significantly different in the three natural populations studied (G test: G=13.12, P< 0.01). Pairwise comparisons indicate that only the population A clear difference in autotomy performance after predation simulation emerged from the comparison of the three populations (G=218.013, P<0.05, df=2; Fig. 1 ). When the Aire population was excluded from the analysis, this difference disappeared (G=0.742, P>0.05, df=1).
Mean duration of tail movement was around 3 min in all cases (Table 2) . No significant differences were detected among populations examined (two-way analysis of variance: F 2, 26 =0.719, P=0.49) or between the two sexes (F 1, 26 = 0.168, P=0.68); the interaction terms were not significant either (F 2, 26 =0.278, P=0.78).
Significant differences were detected in lactate accumulation between the exhausted and the resting tails ( Glycogen concentrations in all populations examined differed between exhausted and resting tails and were higher in the former ( 
Discussion
The differences in predation pressure are reflected in the fraction of autotomized tails (Fig. 1) . As previous studies indicated, the duration of tail thrashing is especially important for snake predators (Dial and Fitzpatrick 1983) , and we would expect longer thrashing periods in Colom, while the predator-free population from Aire should show the briefest duration of movement. However, duration of movement did not differ among the three populations (Table 2) . We believe that the reason for this lack of diversity is the recent invasion of predators. The Balearic Islands were free from saurophagous terrestrial and avian predators starting with the Messinian Salinity Crisis (5.3 million years ago) until the arrival of humans in the Holocene Period (6,000-8,000 years ago; Pérez-Mellado et al. 1997) . Because predation pressure was low, the effectiveness of autotomy was reduced (Pérez-Mellado et al. 1997 ). Hence, it seems that the isolation time has been too short for a selective adaptation regarding postautotomic tail activity. This point is further indicated by the longer duration of tail thrashing of lacertids from eastern Mediterranean islands (Pafilis et al. 2005) where predation pressure has been always heavy, as fossil records indicate (Kotsakis 1981; Caloi et al. 1988) . Postautotomy movement had to be more prolonged in eastern species so as to offset the severe predation strain. This also applies to continental Spanish species, which show longer durations as a result of the higher predation to which they are subject (Pérez-Mellado et al. 1997 ). Alternatively, it is possible that duration of thrashing is a conservative trait that does not easily change in response to predation pressure. The limited predation in Aire may be responsible for the lowest observed autotomy percentages among the three islets. The higher autotomy frequency was observed in Colom, and we believe that the discrepancy between field (Table 1 ) and experimental data ( Fig. 1) can be explained by the limited sample size in the case of predation simulation). Yet, the value for Aire (74%) is still high as compared to other lacertids (Pérez-Mellado et al. 1997; Pafilis et al. 2005) . We believe that the reason must be attributed to the extremely dense population of the islet, estimated at around 4,100 individuals/ha (as opposed to 1,600 for Colom and 690 for Sargantana, Pérez-Mellado 1998). This density, in combination with the small size of the islet and the low food availability (Brown and Pérez-Mellado 1994) , increases competitive interaction between the lizards, even to the point of attacking the tails of their rivals (Salvador 1986) . Cannibalism is quite common in P. lilfordi (Arnold 1988; Pérez-Mellado 1998) , with this effect further exacerbated in the extreme conditions of Aire. Although tail shedding because of intraspecies competition seems to be uncommon among lacertids (Arnold 1988) , there is evidence from dense insular populations of other Podarcis species supporting the opposite theory (Chondropoulos et al. 1993; Adamopoulou et al. 1999 ). According to our predictions, as a consequence of the higher autotomy rate and the more intense movement, individuals from Colom and Sargantana should accumulate higher lactate levels than those from Aire. Nevertheless, we failed to detect any difference among populations just as recorded in other lacertids species (Pafilis et al. 2005) . Anaerobic metabolism is a common energy production mechanism among reptiles (Pough and Andrews 1985) . It seems that lactate production through anaerobiosis is a thoroughly conservative pathway that has been fixed during evolution, and it is not influenced by external factors. Glycogen converts into lactate during tail movement and thus final levels change inversely between exhausted and resting tails. Average lactate and glycogen concentrations were found at levels similar to those published elsewhere (Meyer et al. 2002; Pafilis et al. 2005) . These results further support the conservative nature of the feature.
Taken together, our results suggest that duration of postautotomy movement is not subject to phylogenetic or ecological impact, at least for the case of P. lilfordi. Physiological metabolites related to anaerobiosis change evenly among populations or species. The duration of tail thrashing is predation dependent according to previous studies (Pérez-Mellado et al. 1997; Pafilis et al. 2005) , as tail loss performance, but it seems that this change takes place at a slower rate. Comparative studies using species from different families would further clarify the actual nature of the effect.
